The protein TRB3 (tribbles 3), also called NIPK (neuronal cell death-inducible protein kinase), was recently identified as a protein-protein interaction partner and an inhibitor of PKB (protein kinase B). To explore the hypothesis that TRB3/NIPK might act as a negative regulator of insulin signalling in the liver, this protein was overexpressed by adenoviral transduction of primary cultures of rat hepatocytes, and various aspects of insulin action were investigated. The insulin-induced phosphorylation of Ser-473 and Thr-308 of PKB was found to be undiminished in transduced hepatocytes with a molar excess of TRB3/NIPK over PKB of more than 25-fold. Consistent with unimpaired insulin activation of PKB, the stimulation of Ser-21 and Ser-9 phosphorylation of glycogen synthase kinase 3-α and -β, and the apparent phosphorylation level of 4E-BP1 (eukaryotic initiation factor 4-binding protein 1), were similar in transduced and control hepatocytes. The induction by insulin of the mRNAs encoding glucokinase and SREBF1 (sterol-regulatory-elementbinding factor 1) were also normal in TRB3/NIPK hepatocytes. In contrast, the insulin-dependent induction of these two genes, as well as the activation of PKB, were shown to be suppressed in hepatocytes treated with the lipid ether compound PIA6 (phosphatidylinositol ether lipid analogue 6), a recently discovered specific inhibitor of PKB. Since TRB3/NIPK was reported to be increased in the liver of fasting mice, the effects of glucagon, glucocorticoids and insulin on the level of endogenous TRB3/NIPK mRNA in primary hepatocytes were investigated. No significant change in mRNA level occurred under any of the hormonal treatments. The present study does not support the hypothesis that the physiological role of TRB3/NIPK might be to put a brake on insulin signalling in hepatocytes.
INTRODUCTION
PKB (protein kinase B), also known as AKT, is thought to play a key role in insulin signal transduction [1] . The three isoforms of PKB (PKBα, PKBβ and PKBγ ), which are variously expressed in different tissues [2] , are subjected to activation by insulin in a phosphoinositide 3-kinase-dependent manner [3] . The activation of PKB is effected by phosphorylation of Thr-308 and Ser-473 (amino acid numbers refer to the PKBα sequence), catalysed respectively by phosphoinositide-dependent protein kinase 1 [4, 5] and a second protein kinase suggested to be DNA-dependent protein kinase [6] , although other kinases have also been incriminated [7] . Once activated, PKB can phosphorylate several protein substrates of metabolic significance. The first 'metabolic' substrate to be identified was GSK3 (glycogen synthase kinase 3), which is inactivated by PKB-dependent phosphorylation [8] . Inactivation of GSK3 is viewed as a key mechanism resulting in the dephosphorylation and activation of glycogen synthase and the stimulation of glycogen synthesis in insulin-stimulated cells. Other metabolic substrates of PKB include the heart isoform of the regulatory enzyme of glycolysis 6-phosphofructokinase-2 [9] and the rate-controlling enzyme of fatty acid synthesis ATP citrate-lyase [10] . Site-specific phosphorylation of these enzymes by PKB may contribute to their activation, accounting partly for the insulin stimulation of glycolysis in cardiac myocytes and lipogenesis in adipocytes. Additionally, PKB has been shown to phosphorylate and functionally de-activate the transcription factor FOXO1 (forkhead box class O factor 1) [11] , leading to the repression of the gluconeogenic enzyme glucose 6-phosphatase [12] . These examples illustrate the critical role of PKB in coupling upstream signalling events with enzymes or other effector proteins, which shape up the metabolic response of target cells to insulin.
A number of proteins other than its substrates were reported to interact with PKB, with either positive or negative effects on PKB activity [7] . Protein partners of PKB that stimulate its activity might conceivably enhance insulin action, and proteins that inhibit PKB activity might cause insulin resistance. In the latter category, much interest has recently focused on a mammalian homologue of the Drosophila protein TRB3 (tribbles 3), also known as NIPK (neuronal cell death-inducible putative protein kinase), which was identified as a PKB-interacting protein in a yeast two-hybrid screen of a mouse preadipocyte cDNA library [13] . When overexpressed with PKB in HEK-293 cells (human embryonic kidney 293 cells), TRB3/NIPK inhibited the activation of PKB by IGF1 (insulin-like growth factor 1). Under pathophysiological conditions, TRB3/NIPK mRNA was reported to be increased in the livers of fasted or diabetic mice, and the overexpression of TRB3/NIPK in mouse liver after adenoviral transduction was found to compromise the accumulation of hepatic glycogen during refeeding and to cause modest glucose intolerance [13] . These findings suggested that TRB3/NIPK might be a master regulator of metabolism during fasting, and if dysregulated, a cause of insulin resistance in diabetes [14, 15] .
A major effect of insulin in liver is the transcriptional induction of GCK (glucokinase) [16] . This effect has been extensively analysed in this laboratory using primary cultures of rat hepatocytes, and several lines of evidence suggesting a critical role of PKB activation in the insulin induction of hepatic GCK have been obtained [17, 18] . It was therefore of interest to ask whether PKB-mediated insulin signalling and GCK induction in primary hepatocytes would be impaired during overexpression of TRB3/ NIPK. A second important issue was to investigate the multihormonal regulation of endogenous TRB3/NIPK mRNA in primary hepatocytes, with a focus on agents such as the glucocorticoids and cAMP, which might contribute to the reported increase in hepatic TRB3/NIPK during fasting. The results of this study do not support a role of TRB3/NIPK as a key regulator of insulin signalling in rat liver cells.
EXPERIMENTAL

Materials
The PIA6 (phosphatidylinositol ether lipid analogue 6) inhibitor of PKB was purchased under the name AKT inhibitor III from Calbiochem (Juro Supply GmbH, Lucerne, Switzerland). The suppliers of the antibodies to various antigens were the following: HA (haemagglutinin) epitope (12CA5), Roche Molecular Biochemicals (Rotkreuz, Switzerland); pleckstrin homology domain of PKB-α, Upstate Biotechnology (Lake Placid, NY, U.S.A.); total PKB (α, β and γ ), PKB phosphorylated at Ser-473, PKB phosphorylated at Thr-308, GSK3-α and -β phosphorylated at Ser-21 and Ser-9 respectively, Cell Signaling Technology (Beverly, MA, U.S.A.); GSK3, Santa Cruz Biotechnology (Santa Cruz, CA, U.S.A.); and 4E-BP1 (eukaryotic initiation factor 4E-binding protein-1, also termed PHAS-1), Zymed Laboratories (San Francisco, CA, U.S.A.). Secondary antibodies were affinity-purified goat antibodies against rabbit or mouse IgG conjugated with peroxidase (Bio-Rad Laboratories, Hercules, CA, U.S.A.). Reagents for enhanced chemiluminescence (ECL ® ; SuperSignal West Pico) were from Pierce. Electrocompetent BJ5183-AD-1 bacterial cells were bought from Stratagene (La Jolla, CA, U.S.A.).
Adenovirus vectors
A DNA fragment with the coding sequence for rat TRB3/NIPK was produced by PCR. The template was plasmid pSport1-NIPK, kindly provided by Dr S. Kojima (Shionogi and Co., Developmental Research Laboratories, Osaka, Japan) [19] . The sequence of the upstream primer (5 -CGCAagcttgggtggtcccAT-GCGAGCCACATCTCTGGC-3 ) contained a cleavage site for HindIII followed by 15 nt (lower case) encoding a SLGGP linker peptide and the first 20 nt (boldface) of the coding sequence for rat TRB3/NIPK. The downstream primer (5 -ACGATATCAAG-CTTCTCGAGTCTAGCCATACAGCCCCACC-3 ) contained cleavage sites for multiple restriction enzymes including HindIII, followed by the last 19 nt (boldface) of the rat TRB3/NIPK coding sequence. The PCR product was digested with HindIII and inserted into the pShuttle-CMV-HA (where CMV stands for cytomegalovirus) vector to create plasmid pShuttle-CMV. This plasmid encodes a protein with an N-terminal HA epitope attached through the SLGGP linker to the complete coding sequence for rat TRB3/NIPK, which was verified by sequencing. The pShuttle-CMV-HA vector was derived by excision of the PKB-AAA sequence from the previously described plasmid pShuttle-CMV HA-PKB-AAA [18] .
The pShuttle-CMV HA-TRB3/NIPK plasmid was linearized by digestion with PmeI and electrotransformed into recombinationproficient BJ5183-AD-1 bacterial cells. The resulting cloned recombinant plasmid AdEasy-1 HA-TRB3/NIPK was transfected into HEK-293 cells to produce recombinant adenovirus. The titre of virus stocks was estimated by a test for cytopathic effect in HEK-293 cells.
Culture and transduction of hepatocytes
Unless specified otherwise, hepatocytes were isolated from adult male Wistar rats fasted for 48 h. The methods for hepatocyte isolation and primary culture were as described previously [17] . Details of the method for viral transduction with adenovirus vectors have also been published [18] .
Protein and RNA analysis
Protein extracts were prepared from hepatocyte monolayers as described previously [20] . Procedures for immunoblotting with the various antibodies were the same as in earlier work [17, 18] . The methods for isolation of total RNA and Northern-blot analysis have been published [21] . The cDNA probes for hybridization are described in the following publications: GCK cDNA [22] , SREBF1 (sterol-regulatory-element-binding factor 1) cDNA [23] , PCK1 (phosphoenolpyruvate carboxykinase 1) cDNA [21] and S26 small ribosomal protein cDNA [21] . The TRB3/NIPK probe was a cDNA fragment isolated from plasmid pSport1-NIPK [19] .
RESULTS
Stoichiometry of HA-TRB3/NIPK overexpression in hepatocytes
After transduction with an adenoviral vector encoding HAtagged TRB3/NIPK, hepatocytes expressed an immunoreactive protein with electrophoretic mobility corresponding to apparent M r of 43 000, compatible with 41 000 calculated from the HA-TRB3/NIPK amino acid sequence. The amount of this protein increased as a function of the MOI (multiplicity of infection) (Figure 1A, upper panel) . This protein was absent in non-transduced hepatocytes or in control transduced hepatocytes, which had been infected with a virus encoding HA-tagged PKB-AAA. The latter cells, however, expressed an HA-immunoreactive protein with apparent M r of 59 000 as expected for HA-PKB-AAA.
Immunoblot analysis with antibodies to PKB revealed that the PKB protein was overexpressed approx. 6-fold in the control hepatocytes transduced with HA-PKB-AAA, compared with non-transduced hepatocytes or hepatocytes transduced with the HA-TRB3/NIPK virus ( Figure 1A , lower panel). Since the HA signal was equivalent in the HA-PKB-AAA hepatocytes and in hepatocytes transduced with HA-TRB3/NIPK at a MOI of 75, it follows that the molar excess of HA-TRB3/NIPK over endogenous PKB was approx. 6-fold in these hepatocytes (and multiple of this factor at higher MOI), assuming equal reactivity of the HA tag of the two proteins in the immunoblot assay.
The level of TRB3/NIPK mRNA in uninfected and transduced hepatocytes was measured by Northern-blot assay. In non-transduced hepatocytes, a single mRNA species approx. 2 kb in length was detected by hybridization to radiolabelled TRB3/NIPK cDNA ( Figure 1B ). An mRNA 1.3 kb in length hybridizing to the same probe was visualized in transduced hepatocytes, as expected from the length of the HA-TRB3/NIPK coding sequence inserted between the CMV promoter and the poly(A) addition signal in the adenoviral vector. As can be seen in Figure 1(B) , the intensity of the 1.3 kb mRNA of vector origin was approximately equal to that of the 2 kb endogenous TRB3/NIPK mRNA band when inputs between 20 and 40 ng of RNA from hepatocytes transduced at an MOI of 300 were compared with 20 µg of RNA from non-transduced hepatocytes. Thus virally encoded HA-TRB3 transcripts in cells transduced under these conditions were approx. 700 times more abundant than endogenous TRB3/NIPK transcripts in native hepatocytes.
It is important to note that the level of expression of HA-TRB3/NIPK in transduced hepatocytes was quantified in all subsequent experiments and found to be highly reproducible. Thus, the molar excess of HA-TRB3/NIPK protein over that of endogenous PKB, ascertained by the indirect approach illustrated in Figure 1 , comprised between 16-and 25-fold in the experiments illustrated in Figures 2 and 3 . Similarly, at the TRB3/NIPK mRNA level, the virally encoded HA-TRB3/NIPK transcript was consistently 700-1000-fold more abundant than endogenous TRB3/NIPK mRNA in transduced hepatocytes (information available from P. B. I. on request). Hepatocytes were placed in culture and transduced after 5 h with the AdEasy-1 HA-TRB3/NIPK adenovirus at an MOI of 300 or left uninfected. Cell culture was continued for 18 h after transduction. Insulin was then added (or not added for control cells) to culture medium at a concentration of 3 × 10 −8 M for 60 min before cell harvest for the extraction of protein, SDS/PAGE and immunoblot analysis of phosphorylated and total PKB, phosphorylated and total GSK3 and total 4E-BP1. Protein load per lane was 40 µg for P-PKB Ser-473, 60 µg for P-PKB Thr-308 and total PKB, and 70 µg for P-GSK3, total GSK3 and 4E-BP1. The experiment was repeated twice with identical results. Positions of M r markers are indicated on the right.
Effect of TRB3/NIPK overexpression on PKB-mediated insulin signalling
The effect of insulin on PKB activation was compared in control hepatocytes and hepatocytes overexpressing TRB3/NIPK by immunoblot analysis of cellular proteins using phosphospecific antibodies. In both control and TRB3/NIPK-overexpressing hepatocytes, insulin strongly stimulated the phosphorylation of PKB at Ser-473, an effect previously shown to correlate with the extent of PKB activation in hepatocytes as well as other cell types [18] . The magnitude of this effect was similar in the two types of cells (Figure 2, first panel) . Site-specific phosphorylation of PKB at Thr-308 was also markedly increased by insulin treatment,
Figure 3 Unimpaired insulin induction of GCK and SREBF1 mRNAs in hepatocytes overexpressing TRB3/NIPK
The method for hepatocyte culture and transduction was as described in Figure 2 , except that cells were harvested for isolation of total RNA after 7 h of insulin stimulation. Both uninfected hepatocytes and hepatocytes transduced with an AdEasy-1 lacZ vector were used as controls. Agarose gel electrophoresis was performed with 16 µg of RNA per lane. Northern blotting was done on a nylon membrane hybridized sequentially to 32 P-labelled cDNA probes for GCK, SREBF1 and ribosomal protein S26. Positions of 28 and 18 S rRNAs are shown on the right.
again with the same amplitude in control and TRB3-overexpressing hepatocytes (Figure 2, second panel) . Immunoblotting with antibodies to total PKB allowed me to verify that the amount of PKB did not vary between the various cell samples (Figure 2 , third panel).
To monitor insulin signalling events downstream of PKB, the phosphorylation status of GSK3-α and -β at Ser-21 or Ser-9 respectively, which are target sites for phosphorylation by PKB, was analysed with phosphospecific antibodies. Consistent with the data on PKB activation, both GSK isoforms were hyperphosphorylated in insulin-stimulated cells, and the insulin effect was completely unaffected by TRB3/NIPK overexpression ( Figure 2 , fourth panel). The amount of GSK3 was virtually constant in all cell samples (Figure 2, fifth panel) . Finally, the insulin-dependent mobility shift of the translation regulatory protein 4E-BP1 (also called PHAS1), reflecting phosphorylation by mammalian target of rapamycin, which is itself activated directly or indirectly by PKB [24] [25] [26] , was present in TRB3/NIPK-overexpressing cells to the same extent as in the control hepatocytes (Figure 2, sixth  panel) .
Insulin action in the liver is characterized by the induction or repression of several genes, for which an involvement of the phosphoinositide 3-kinase/PKB signalling pathway has been proposed [27, 28] . In line with intact signalling along this pathway, insulin caused a strong induction of GCK and SREBF1 mRNAs in hepatocytes overexpressing TRB3/NIPK (Figure 3 ). Induced mRNA levels were similar in the TRB3/NIPK cells and in nontransduced hepatocytes, as well as in additional control hepatocytes transduced with a lacZ adenovirus vector.
Inhibition of PKB-mediated insulin action in hepatocytes by ether lipid analogue PIA6
Ether lipid analogues of phosphatidylinositol 3,4,5-trisphosphate were recently shown to inhibit PKB specifically in cancer cells [29, 30] . As shown in Figure 4(A) , cultured hepatocytes pretreated Ether lipid PIA6 at the indicated concentrations or DMSO as control was added to cells 1 h before insulin. Hepatocytes for extraction of protein were harvested 1 h after the addition of insulin. Hepatocytes for isolation of RNA were harvested 7 h after the addition of insulin. (A) Immunoblots using antibodies to PKB phosphorylated at Ser-473, total PKB, GSK3-α and -β phosphorylated at Ser-21 and Ser-9 respectively, and total GSK3. Protein load per lane was as in Figure 2 . In the upper part of the P-GSK3 immunoblot, the image of a longer film exposure is shown to visualize P-GSK3-α. (B) Northern blot of total RNA (16 µg per lane) hybridized with 32 P-labelled cDNA probes for GCK, SREBF1 and ribosomal protein S26. The experiment was repeated twice with identical results.
with one such analogue, termed PIA6, exhibited dose-dependent inhibition of insulin-stimulated phosphorylation of PKB at Ser-473. This was accompanied by partial inhibition of the sitespecific phosphorylation of GSK3-α and -β. Furthermore, the insulin-dependent increases in GCK and SREBF1 mRNAs were completely suppressed by PIA6 ( Figure 4B ). These effects of PIA6 are in sharp contrast with the inability of overexpressed TRB3/NIPK to antagonize insulin signalling and action. 
Lack of evidence for hormonal regulation of TRB3/NIPK expression in hepatocytes
The previously reported increase in TRB3/NIPK mRNA in mouse liver during fasting, and in hepatoma cells in the presence of dexamethasone and forskolin [13] , suggested that TRB3/NIPK might exhibit multihormonal regulation similar to that of the cytosolic gluconeogenic enzyme PCK1. In the present experiments, the levels of TRB3/NIPK and PCK1 mRNAs were measured by Northern-blot assay in rat hepatocytes cultured in the presence of dexamethasone, glucagon or its second messenger cAMP, and insulin. The relative amount of TRB3/NIPK mRNA remained virtually constant under all conditions tested, with no change exceeding 20 % of the level seen in untreated control hepatocytes ( Figure 5, top panel ). An additional experiment in which RNA was extracted from hepatocytes 16 h after the addition of hormonal effectors also failed to reveal significant changes in TRB3/NIPK mRNA under any of the tested conditions (information available from P. B. I. on request). In contrast, glucagon or cAMP induced massive increases in PCK1 mRNA. Dexamethasone potentiated the effect of cAMP or glucagon on PCK1 mRNA and insulin counteracted the glucagon effect ( Figure 5 , middle panel). In these experiments, Northern-blot analysis of the mRNA of small ribosomal subunit protein 26, which is generally considered invariant [31] , was performed as a control ( Figure 5, bottom panel) .
DISCUSSION
The present study provided no evidence for the intracellular protein TRB3/NIPK acting as a negative regulator of insulin signalling in primary rat hepatocytes. In hepatocytes synthesizing massive amounts of TRB3/NIPK protein, following adenovirusmediated gene transfer, the effect of insulin to stimulate the phosphorylation of the two critical amino acids of PKB necessary for activation, Ser-473 and Thr-308, was fully preserved. Consistent with this finding, the site-specific phosphorylation of the key PKB protein substrates GSK3-α and -β occurred normally after insulin stimulation. Similarly, the mobility shift in SDS/ PAGE of 4E-BP1, reflecting mammalian target of rapamycin activation downstream of PKB, was present in TRB3/NIPK overexpressing hepatocytes to the same extent as in control hepatocytes. Finally, as end-marker of insulin action in the hepatocytes, insulin induction of the GCK and SREBF1 mRNAs was normal.
The ether lipid PIA6, a structural analogue of phosphatidylinositol 3,4,5-trisphosphate, was recently shown to reduce the steady-state and growth-factor-stimulated levels of PKB activity in tumour cells [30] . In contrast with overexpressed TRB3/NIPK, PIA6 effectively inhibited the insulin-dependent activation of PKB and downstream signalling events in primary hepatocytes. The insulin induction of GCK and SREBF1 was completely suppressed in PIA6-treated hepatocytes, providing further support for a key role of PKB in these insulin effects.
The inability of overexpressed TRB3/NIPK to inhibit PKB phosphorylation in the present experiments differs from the findings of Du et al. [13] . These authors showed a partial inhibition of IGF1-induced Ser-473 and Thr-308 phosphorylation of PKB in HEK-293 cells transiently co-transfected with PKB and TRB3/NIPK plasmid vectors. The reason for the discrepancy between Du's results and the present study is not clear. An important difference between the two studies relates to the cell systems used, primary hepatocytes in the present study and tumoral HEK-293 cells by Du et al. [13] . Furthermore, exogenously expressed PKB was analysed in the HEK-293 cells, as opposed to endogenous PKB in the hepatocytes. Conceivably, distinct subcellular localization or interaction of PKB with dissimilar scaffold proteins in the two cell-types might affect the susceptibility to TRB3/NIPK inhibition.
Another unexpected finding in this work was the lack of regulation of TRB3/NIPK gene expression by the glucocorticoids, glucagon or insulin in rat hepatocytes. In FAO rat hepatoma cells, both dexamethasone and forskolin, an activator of adenylate cyclase, were reported to induce a 2.5-fold increase in TRB3/ NIPK mRNA [13] . Differences in hormone responses between hepatoma cells and primary cultures of hepatocytes are not without precedent. In the present study, the invariant expression of TRB3/NIPK was not due to inadequate hormone responsiveness of the culture system, as shown by the robust regulation of PCK1 in the same cells. The induction of PCK1 mRNA by glucagon and its second messenger cAMP, synergized by the glucocorticoids, and the de-induction by insulin recapitulated the multihormonal regulation supposed to be important for metabolic adaptation in the whole animal [32] . The present results establish a clear distinction between the gluconeogenic enzyme PCK1 and TRB3/NIPK with respect to the regulation by the hormones at play during feeding, fasting or diabetes. It should be added that the induction during food deprivation of a protein serving to attenuate insulin responsiveness, as has been proposed for TRB3/NIPK, is somewhat counterintuitive. Instead, one might expect the tissues of a fasted animal to remain highly insulin-sensitive, in anticipation for efficient uptake and storage of nutrient when food becomes available. A recently reported example for this type of adaptation might be the increase in the level of IRS-2 (insulin receptor substrate 2) in the livers of fasted mice [33] .
